The p-type AlInGaN and InGaN contact layers were regrown on the etched p-GaN to study the Ni/ Au contact current-voltage ͑I-V͒ characteristics. The thickness of the contact layer was 100 nm and regrown by metalorganic chemical vapor deposition. By using the regrown contact layer on etched p-GaN, Schottky barrier height ͑SBH͒ from the I-V characterization was reduced. The SBH of 0.65 eV from the contact to the etched p-GaN was reduced to 0.56 eV and 0.58 eV, respectively, after the AlInGaN and InGaN contact layers were formed. In addition to the I-V characterization of Ni/ Au contacts, surface morphology and x-ray analysis were studied. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2164527͔ GaN material is important to high-power electronics due to its wide band gap characteristics. Base on the success in the optical devices, 1-3 high electron mobility transistors ͑HEMTs͒ and heterojunction bipolar transistors ͑HBTs͒ for power applications have been under extensive development. [4] [5] [6] [7] However, it is difficult to obtain good Ohmic contact to p-GaN, especially in the GaN-based HBT process. The major reasons are the low activation rate of acceptors in the base and the damage from dry etching. It has been shown that the roughness and the contamination on the p-GaN surface increased after the dry etching.
GaN material is important to high-power electronics due to its wide band gap characteristics. Base on the success in the optical devices, [1] [2] [3] high electron mobility transistors ͑HEMTs͒ and heterojunction bipolar transistors ͑HBTs͒ for power applications have been under extensive development. [4] [5] [6] [7] However, it is difficult to obtain good Ohmic contact to p-GaN, especially in the GaN-based HBT process. The major reasons are the low activation rate of acceptors in the base and the damage from dry etching. It has been shown that the roughness and the contamination on the p-GaN surface increased after the dry etching. [8] [9] [10] [11] Several methods have been utilized to improve the damage on etched p-GaN such as replacing the argon by nitrogen in the plasma chemistry, 12, 13 lowering the plasma power, 14 and forming the regrown p-InGaN on the etched p-InGaN. 15 In this work we present the effect of Cl 2 / Ar dry etching on p-GaN combined with the regrowth of AlInGaN or InGaN as the contact layer. The purpose of the regrown layer was to reduce the dry etching damage and increase the surface doping. Since the electrical property of p-type GaN contact, such as Schottky barrier height ͑SBH͒, is important for the performance improvement of devices. 16 The Schottky barrier heights ͑SBHs͒ from I-V characterization for Ni/ Au metallization on as-grown, etched, and regrown surfaces were calculated to investigate the effect of the regrown contact layer on the etched p-GaN. The surface roughness and x-ray diffraction ͑XRD͒ were also characterized to study the regrown layers.
All p-GaN materials used in this study were grown by metalorganic chemical vapor deposition ͑MOCVD͒ on c-face sapphire substrates. Source materials were triethylgallium and NH 3 with H 2 as a carrier gas for GaN growth. The p-type dopant source was bis-cyclopentadienylmagnesium. The growth temperature was 1000°C. An undoped GaN buffer layer with a thickness of 2 m was grown first, followed by the growth of 1 m thick p-type GaN doped with Mg. The activation annealing was carried out at 750°C for 20 min in the N 2 ambient. A sheet resistivity of 3.5 ϫ 10 4 ⍀ / ᮀ was measured from room temperature Hall measurements. The corresponding bulk carrier concentration of ϳ1.9ϫ 10 17 cm −3 and a mobility of 9.2 cm 2 V −1 s −1 were obtained. Prior to Cl 2 / Ar reactive ions etching ͑RIE͒, all samples were ultrasonically degreased with acetone and isopropyl alcohol for 10 min and then rinsed with de-ionized ͑DI͒ water. The dry etching effect of p-GaN using the RIE mode of a high-density plasma system ͑Unaxis Nextral 860L͒ was investigated by the Cl 2 / Ar mixture gas. The etching conditions were Cl 2 / Ar gas flow rates of 150/ 10 sccm, chamber pressure of 20 mTorr, and the rf power of 50 W. The total etch depth was 200 nm with the etching rate of 13 nm/ min.
After 200 nm GaN etching, Mg-doped AlInGaN or InGaN was regrown by MOCVD on the etched GaN surface as the contact layer. Source materials were triethylgallium, trimethylindium, and NH 3 with nitrogen as a carrier gas for InGaN growth. The regrowth temperature was 800°C. Source materials were triethylgallium, trimethylindium, trimethylaluminum, and NH 3 with H 2 as a carrier gas for AlInGaN growth. The regrowth temperature was 900°C. The thickness of the regrown contact layer was 100 nm calculated from the in situ reflectance monitoring during growth. After the regrowth, the magnesium activation annealing was carried out at 750°C for 20 min in N 2 ambient. The sheet resistivities of 9.0ϫ 10 4 and 1.8ϫ 10 5 ⍀ / square were measured from AlInGaN / GaN and InGaN / GaN materials by room temperature Hall measurements, respectively. Figure 1 shows the schematic structures with and without regrown contact layers for the I-V characterization. All samples with and without regrown contact layers were patterned by the standard photolithographic technique. As shown in Fig. 1͑d͒ , the regrown contact layer between contact pads was etched away by dry etching. Prior to metal deposition, hydrofluoric acid was used to remove the native oxide layer on the surface. The Ni͑20 nm͒ /Au͑20 nm͒ contact patterns were deposited on all samples by electron beam evaporation and liftoff. The Ni/ Au contact was then annealed in an O 2 -containing ambient at 500°C for 5 min. The metal contact size was 100 m ϫ 100 m. The spacing between contact pads was 20 m. I-V data were measured on those Ni/ Au contact pads using parameter analyzer ͑HP4156C͒.
The thickness of the regrown layers was examined by scanning electron microscopy ͑SEM͒ and confirmed to be approximately 100 nm. Figure 2 shows the SEM images of the regrown surfaces. The images show the significant differences between the regrown AlInGaN and InGaN surfaces. Figure 2͑a͒ shows the alumina droplet that is due to the Al content in AlInGaN material. The roughness shown in Fig.  2͑b͒ is related with the high indium composition. The surface morphologies of all samples were characterized by atomic force microscopy ͑AFM͒ on a 10ϫ 10 m 2 surface to obtain the surface root-mean-square ͑rms͒ roughness. The average rms roughness of the regrown AlInGaN surface and InGaN surface were 5.01 nm and 6.46 nm, respectively. The surface roughness from AFM confirmed the SEM observation that the AlInGaN contact layer showed less surface roughness than InGaN. Figure 3 shows the x-ray diffraction ͑XRD͒ patterns on samples with and without regrown layers by conducting 2-scans around 0002 reflection. All three patterns demonstrate the strong GaN peaks with secondary peaks for regrown layers. The regrown AlInGaN material demonstrates a better lattice match to the bulk p-GaN than the regrown InGaN material. The indium composition of the regrown InGaN from the XRD calculation is 0.22. A high indium content was intended to obtain high hole concentration. 17, 18 However, the high indium composition and thus large lattice mismatch causes the high surface roughness, as observed in Fig. 2 . Figure 4 shows the measured I-V characteristics from Ni/ Au contact pads for the different material systems, as described in Fig. 1 . The metal contact on the as-grown p-GaN surface demonstrates excellent Ohmic contact characteristics. The metal contact on the etched p-GaN surface shows the significant Schottky barrier. But a lower Schottky barrier is observed from the contacts to the etched p-GaN using regrown AlInGaN or InGaN contact layers. In order to determine the effective SBH of the Ni/ Au contacts, the I-V method was employed. The I-V relation is given by 
where A ** , the effective Richardson constant, is 96.1 A cm −2 K −2 for p-GaN; J is the current density; T is the measurement temperature in Kelvin; ⌽b is the SBH; n is the ideality factor; and k is Boltzmann's constant. From Eq. ͑1͒, the extracted SBH was 0.40 eV and 0.65 eV for the contacts to the as-grown and the etched p-GaN, respectively. The calculated 0.40 eV from the as-grown p-GaN is similar to the published value of 0.47 eV. 19 The increased 0.25 eV showed the significant effect after dry etching. The extracted SBH from Ni/ Au contact pads on the bulk contact layers was 0.45 eV for AlInGaN and 0.44 V for InGaN materials, respectively. The SBH of 0.65 eV from the contact to the etched p-GaN was reduced to 0.56 eV and 0.58 eV, respectively, after the AlInGaN and InGaN contact layers were formed.
Two p-type materials ͑AlInGaN and InGaN͒ were regrown on etched p-GaN to study the characteristics of the contact layers. In addition to the effects of the I-V characteristics of Ni/ Au contacts, surface morphology and x-ray analysis were studied. By using the regrown contact layers on etched p-GaN, reduced SBHs contacts were obtained. The SBHs of the samples with the AlInGaN and InGaN contact layer were reduced to 0.56 eV and 0.58 eV, respectively.
